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Design Study for a Very Large Hadron Collider

Chapter 1.  Introduction

Particle physics makes its greatest advances with experiments at the highest energy. The only
sure way to advance to a higher-energy regime is through hadron colliders — the Tevatron, the
LHC, and then, beyond that, aVery Large Hadron Collider. At Snowmass-1996 [1],
investigators explored the best way to build aVLHC, which they defined asa 100 TeV collider.
The goalsin this study are different. The current study seeks to identify the best and cheapest
way to arrive at frontier-energy physics, while simultaneously starting down a path that will
eventually lead to the highest-energy collisions technologically possible in any accelerator using
presently conceivable technology. This study takes the first steps toward understanding the
accelerator physicsissues, the technological possibilities and the approximate cost of a particular
model of the VLHC. It describes a staged approach that offers exciting physics at each stage for
the least cost, and finally reaches an energy one-hundred times the highest energy currently
achievable.

1.1 The Goalsof this Study

In November, 2000, the Fermilab director commissioned a study for the purpose of
beginning to understand the consequences of a staged approach to the VLHC [2]. The mgjor
goals of the study are:

To determine the basic parameters of a proton-proton collider of E., greater than 30 TeV
and luminosity of at least 10** cm™s™, while preserving the option of eventual operation
of acollider with E¢, greater than 150 TeV in the same tunnel.

To identify the major technology and construction challenges, the important accel erator
physics issues, and any unusual operational, environmental, safety and health
requirements.

To estimate the current-day construction costs of the major cost drivers for the initial
collider configuration, assuming it is built using Fermilab as the injector.

To identify areas requiring significant R&D to establish the technical basis for the
facility.

This study is not a conceptual design report, nor isit acomplete cost estimate. To accomplish
either of those goals would have taken more than the available time and resources. Instead, it isa
broad-brush study, intended to describe the major issues. It provides information about the
resources needed to construct such afacility and highlights any serious technical problems,
allowing concentration of future effort. Since strategic planning requires accurate conclusions
about feasibility and costs of facilities, this study islikely to be the first of a series of
increasingly focused studies of the VLHC.

Draft 7 5/24/01 11
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1.2 A Staged Approach totheVLHC

The staged approach to the VLHC the construction and operation of a collider made from
simple and inexpensive components, followed at alater time by a higher-energy collider in the
same tunnel. The plan has the following guidelines:

Each stage must hold the promise of new and exciting particle physics.
The first stage should lead to and assist in the realization of the next stage.
Each stage should be a reasonably low-cost step across energy frontier.

The VLHC satisfies al of these guidelines. The cost of tunneling isin general significantly
less than the cost of acollider’s technical components. Thus, it is cost-effective to increase
tunnel circumference if doing so lowers the cost of the expensive technical components enough
to reduce the overall cost of the collider. Hence, Stage 1 of this design uses low-field superferric
magnets that are themselves inexpensive, and also require simple and less costly support
systems, such as cryogenics and power supplies. However, the use of alow-field magnet requires
alarge tunnel to reach the energy frontier. In this design, we have settled on 40 TeV collision
energy with two detectors, requiring aring circumference of 233 km. In afurther attempt to
reduce costs, we have sited the collider at Fermilab, permitting the use of the existing Fermilab
injector chain and physical plant, valued at well over $1 billion. It aso takes advantage of
Fermilab’ sirreplaceable organizational infrastructure and expertise, further reducing design and
startup costs.

The large circumference of the collider ring would aso have advantages for Stage 2. Above
30 TeV beam energy, synchrotron radiation becomes an important factor in high-energy proton
colliders. In a cryogenic environment, it is one of the properties that limits the ultimate energy
and luminosity of such machines. The design operating energy of the high-energy collider is 175
TeV, but the 35 km radius of curvature of the VLHC would permit it to reach 200 TeV collision
energy with reasonable luminosity and power consumption. Since the first collider serves as the
injector into the second collider, the common circumference permits a straightforward and fast
filling scheme for the second machine, eliminating potentially troublesome issues connected with
field quality in high-field magnets.

There are disadvantages to a staging scenario. It requires patience and the willingness to start
down a multi-decade path toward the highest collision energy. The need to anticipate the
approximate design of both stages at the time civil construction begins, may dictate certain
conservative allowances in the design that a single-step plan would not require. Theinside
diameter of the tunnel or additional surface service areas are obvious examples. Both colliders
are in the same tunnel, requiring a period of six years or more for the conversion from the initial
configuration to the higher-energy one. During this time there would be no physics program. A
staging scenario using avery large tunnel suffers from potential additional cost not only because
the tunnel islonger, but also because it traverses more disparate geology, potentially incurring
higher costs per unit length. Whether this is true depends on the geology of the various possible
Fermilab sites. This study addresses the topic. Finally, although staging the colliders may be a
low-cost approach, a non-staged approach might be an even lower-cost way to build a collider of
a specific energy.

Draft 7 5/24/01 1-2
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Other concepts for aVLHC, such as abig tunnel and moderate-field magnets, or amuch
smaller tunnel with much stronger magnets and a new purpose-built injector, might reach higher
energy sooner but would cost more than Stage 1 of this design. Each of these concepts deserves
exploration. This study will offer a baseline for comparison. The staged approach has the
singular merit that the relatively inexpensive Stage 1 would address the issues of siting,
tunneling, injector performance and survival of afrontier U.S. physics program, allowing the
field to address the technical and fiscal challenges of Stage 2 with a healthy program in place.

1.3 TheTechnical Description and Challenges

Table 1.1 shows the high-level parameters of both stages of the VLHC. To arrive at these
parameters required addressing a number of challenging accelerator physics issues. At this early
stage there appear to be few technical problemsin reaching the listed performance of Stage 1.
Making the arc magnets inexpensively and very long as well as learning how to transport and
install them in atunnel, will take R& D investment over the next few years. The small beam pipe
and large circumference dictate the need to study and understand beam instabilities at injection.
Preliminary evidence indicates that feedback and RF manipulations within the current state-of-
the-art will control these instabilities. If further study points to a problem, the beam pipe size
could be increased with tolerable effects on the total project cost. The dynamic aperture is more
than adequate and closed orbit distortions are benign and easily corrected when simulated using
expected magnet and alignment errors. Strong, large-aperture quadrupoles for the interaction
insertions will require considerable R& D in the next few years. It is particularly interesting to
note the low average power consumption, comparable to that of Fermilal’s 800 GeV fixed-target
program. Power is mostly concentrated at the cryogenic service buildings, of which there are five
off the existing Fermilab site. These double in number and grow larger for Stage 2 .

Table 1.1. The high-level parameters of both stages of the VLHC.

Stage 1 Stage 2
Total Circumference (km) 233 233
Center-of-Mass Energy (TeV) 40 175
Number of interaction regions 2 2
Peak luminosity (cm?s™) 1x 10* 2.0x 10*
Luminosity lifetime (hrs) 24 8
Injection energy (TeV) 0.9 10.0
Dipolefield at collision energy (T) 2 9.8
Average arc bend radius (km) 35.0 35.0
Initial Number of Protons per Bunch 2.6x 10" 7.5x 10°
Bunch Spacing (ns) 18.8 18.8
b* at collision (m) 0.3 0.71
Free space in the interaction region (m) + 20 + 30
Inelastic cross section (mb) 100 133
Interactions per bunch crossing at L peac 21 58
Synchrotron radiation power per meter (W/m/beam) 0.03 4.7
Average power use (MW) for collider ring 20 100
Total installed power (MW) for collider ring 30 250
Draft 7 5/24/01 1-3
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Stage 2 presents more technical challenges. First, discovering how to build cost-effective
high-field superconducting magnets will require a significant investment over the next 10 years
or more, although with alarge-circumference ring means the magnets are not extraordinarily
strong. Perhaps the most difficult problem is one that this report barely addresses. how to deal
with the large number of interactions at each bunch crossing. Because of the high beam energy,
this equals about 50 kW per beam, most of which goes forward into the insertion region
collimators and magnets. It will require amajor R&D effort for the detector and magnet
designersto deal with thisissue. The next most important issue for Stage 2 is synchrotron
radiation power. It appears that five watts per meter, or even 10, can be removed from the
magnets, and that synchrotron radiation will not cause a vacuum problem at those power levels.
The power does show up in the cryogenic system, however, and must be dealt with.

Figure 1.1 shows an artist’s conception of the physical layout of the injectors and the
collision halls. The VLHC ring is tangent to the Tevatron, but much deeper. The injection lines
bend very gradually, because they also serve as rampsto install the very long (65 m) Stage 1
magnets. The collider is deep in order to permit tunneling mostly in the extensive layer of
excellent Galena-Platteville Dolomite. The collision halls are large and typical of those at LHC.

Figure 1.1. A cartoon diagram of the VLHC showing Fermilab’s existing accelerator complex, the new
injection tunnels and the approximate locations of the detector halls.

The significant synchrotron radiation power present in Stage 2 VLHC allows a trade-off of
energy for luminosity. This study chooses 175 TeV as the design energy and 2 x 10* asthe
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design peak luminosity for Stage 2. At slightly lower luminosity, and higher, but still achievable
magnetic field strength, this design could reach 200 TeV collision energy, as shown in Table 1.2.
At lower energy, higher luminosity is possible. Even better luminosity performance can be
achieved by “leveling” the luminosity to limit the inelastic collision debris power at the
interaction point.

Table 1.2. Properties of the Sage 2 VLHC at various energies. The luminosity is limited by synchrotron
radiation power and damping time, power at the interaction point due to inelastic collisions,
and the beam-beam tune shift.

Collision Energy (TeV) | Magnetic Field (T) | Leveled Luminosity Optimum Sorage Time
(cm’s™h) (hrs)

Stage 1 40 2 1.0 x 10* 20

Stage 2 125 7.1 5.1x 10* 13

Stage 2 150 8.6 3.6x 10** 11

Stage 2 175 10 2.7 x 10 8

Stage 2 200 11.4 2.1x 10* 7

1.4 Gaining Public Support for aVery Large Hadron Collider

Construction of anew frontier accelerator at Fermilab will require not only the support of the
national and international scientific community and U.S. and foreign governments, but also the
support of Fermilab’s neighbors, the people who live in surrounding communities. Just as
important as technology development, infrastructure and site geology in determining whether
Fermilab will be able to build a new accelerator is sociology. It isall too easy to imagine a
scenario in which local opposition to an offsite accelerator makes it impossible for Fermilab to
build such a machine. While community support will be necessary to some degree no matter
what future accelerator Fermilab ultimately builds, it is a particularly important issue in the
consideration of accelerators that would extend beyond the Fermilab site. And since, of al the
proposed future Fermilab accelerators, the Very Large Hadron Collider would extend the farthest
beyond Fermilab’ s borders, issues of public support are likely to have the greatest impact.

Although we cannot predict exactly what will most concern community members, the
proposal to construct an accelerator beyond the Fermilab siteis likely to raise many issues
including: risks to environment, safety and health; effects on property values, esthetics,
perceptions of the degree of community control in the decision-making process; neighborhood
disruption during construction; and appropriate use of government funds.

How can Fermilab address such issues and build local public support for future accel erators?
Clearly, the traditional “decide, announce, defend” model isaformulafor failure. Fermilab
needs to begin now to build the level of community dialogue, trust, understanding and support
that building a VLHC—or any future accelerator—will require.

Some steps that Fermilab is now taking or has planned include: a comprehensive community
opinion survey that will provide invaluable baseline information on the current perception of
Fermilab, including questions about attitudes toward possible laboratory expansion beyond the
current site; creating along-term community outreach plan that includes future accel erators at
Fermilab; forming alaboratory-community organization to serve as a public advisory group;
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consulting with other laboratories that have successfully dealt with similar community outreach
issues; and the use of various Fermilab resources, e.g., Science Education programs, Saturday
Morning Physics, open houses, and the Office of Public Affairs, to build support for future
facilities.

Building anew frontier accelerator at Fermilab will not only have a profound effect on the
future of our own laboratory and of U.S. high-energy physics but on the future of our local
community. We believe that most of its effects would be positive, in the form of the economic,
cultural and environmental benefits that it will bring to the region. However, it will be up to
Fermilab to communicate both the benefits AND the costs of such a project. Involving the
community from the beginning in planning for a future accelerator will be challenging, time-
consuming and costly; but ultimately it is likely to be the only way to create the level of
community trust and support that such a project will require.
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